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Abstract ; The space gravitational wave detection mission requires a micro-thruster with sub-micro-scale thrust
resolution and thrust noise to achieve high-precision drag-free control tasks for satellite platforms. In order to
calibrate the thrust of the above-mentioned micro-thrusters on the ground, a set of sub-micro-scale thrust meas-
urement systems using a torsion pendulum is designed. The system uses a high-precision and high-resolution
capacitive displacement sensor as the torsion swing angle displacement sensing device. A high-precision elec-
tronic balance is used to calibrate an electrostatic comb, and the static comb is used to observe the torsion pen-

dulum to obtain the relationship between thrust and angular displacement. In addition, high-precision weak
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force calibration technology and sub-micro-scale micro-thrust on-line measurement technology are studied. The

measurement error source and control scheme are analyzed. Finally, the static weak comb is used to generate

a standard weak force to measure the torsion pendulum thrust resolution capability and range. The experimen-

tal results show that the system can measure a thrust range of 0. 1 wN to 400 N with a resolution that reaches

0.1 wN, and a background noise power spectral density of better than 0. 1 wWN&Hz(10 mHz ~1 Hz) , which

satisfies the requirements of space gravitational wave detection in the thrust measurement range of 10 mHz —

1 Hz.

Key words: gravitational wave ;torsion balance ;micro thrust; measurement of weak force

1 7]

o

23 1) 5 | I, AR S5 FRIE , B )
Gyl , 22 B0 A R A AR a2 I LAR 7E 23 [B) B
B ETRAT, PR AR SRR BN R LA R BE 4
R SV RERNTCH 8L A% ) S5 55 R T MK RE B
18t H, E SNSRI S AT L
AT 55 e A R BT IR, 32 A ¥ Ut
BERCAR B T O R RO 3 2 S v A 4
A B T AR D SRR AR
LA BTV A R R I e B kR P
A O HE ) — R LR B E i A= 2, o e
SRR AR A B2 2, 3% e % (A g 4 1) 44 g 0 o 4t
T HRIPRR

BEXSAS [ 28 1) Bl A g e 4 ) D0 6 5 5K, AR
IR AT AN () 25 1) O HE T e [ N b F2 0
FHRYZEAE A BHESE )  BIRE5 ) DURES R4 22
SR I A AR K A B A A 4
SPERUINE T R GE, VA Tl K 2= 0 A = 2241
S ZR G0, H A BT R 4 g e 0T A 1 B 42
SERFNRUREE R HE I R GE S5, B AT 4 g )
R R O 2 2 R vk I R R R
%] Denis Packan 1 Jean Bonnet B} 1) —& KT
(R A5 AE) R IR O ) 2k, HCHE T ) 5 L Oy
0 ~700 N, i 5t A DR ks fEYE 0. 01 ~ 1 Hz
6]} 0. 1 wN¢/Hz, 7£ 0. 001 ~ 1 Hz[d] 21 wN4/ Hz,
AR ST 100 wN iR N 19% 5 Pt
AT A T A R A GHE AR AT, 4
U 1~ 500 pN, & 53 BF 58 Gl 5 2
S RO A PR T LR A 55 0 R G,

i [ 4~ 180 wN Y B B fcHE 7, kg B AT LGk
F3 N, 3 HER gy 1 N ] o 2 0 i T
REF T 0 5S4 1 i & AT LAY 4 0 ~ 10
mN i FE A, FEah g 1 uN B R
G 22 A i R e, B R 1~
200 puN, 43 HEZ R 0.4 uN P,

rhERREBE KA TR AR R 2 Ry R
RO T BT 5| i ks BE ™ 14 ik
TS B R T g 2 A A 0 DU A T oK, 7R A N
AT 55 T30 Ty T L 4 B AL b R T —
EHTHBOWRF RN G RE ., LRSI
FHEOREBE 5 70 B B 25 s B AR IR AR A 41 422
FADI RS IR B, R kG B R K7 X6 i L A
HATARE , TR FZ i iibs e 4R 15 2 5
ARSI R R o ZRGRAT T B S B 45
It H AR BLE R Se Be s i H 4R POk Aa e 5 1A,
ARRGRHHIELAY KR 708, v LA S8 1Y
TRAE 14 5 318 R M 3 i 5 e 7 2 0 s v
FHEN B AE TRl 2 L I H 4 45 il 78 4 2 of
BIPRS00 R BRI, xRS
AT R BE DN R S8, v] 38 Gk W PR R
PRk R BEXHIR R G 2

2 \HEFEEL RE

2.1 FAREIT

AR R G THIFL BT, 425 K e 1o 52
VERIR R, P IF [ o i) e 2 A e A 1Y
— MW, 55— 22 T RS BRI Re B ORI SRR AR
[l 2228 T L AN AR I o 1 L L g 22
FERTLAE - 1 sy e v W 203 E = HENI RS 5 B i



528 o DA

2%

2 ON RO T 1 2 IR 2 AL, BOEE AR S PR
BN WERHJE % B i U R BN 4 5i i B 241
J, THCE AR AT AT, SE AN IE 1 B o

H UL RS 120

T HUBEXT

i I E A

BB mE iR
TS
HefrE

BT AR I R 5
Fig. 1 Microthrust measurement system with torsion

balance

2.2 HENEFEE
AR B TR AR A
JO+A0+ko =TL , (1)
Horp, T ORHAE R S b O R R
BN T, 0 MR E s A, T fil L
A3 A E A LT R B K
M & b R RIS R, R R
21 R R, B AR IR e A e L B
FHAREE ), 98 o ek v 2 (0 B A TRt I (7 % 5 7
A ) R S BT INAE AL S & L R LY 5
FEFHEEARFN , 454500 12 2 19 057 7% o8 T 58 Sl R HH 5%
FH, MR 2 HE S AR AR R
LA AE AN i 57 7% 5 GBS AR ) B el A5 2 )
D B A A R G RBO TR
AR NMESIES, AT Ak R
BRI AR 0 785 Br o LU i, 5 AL
A B I e 45 v o7 B8 PR G504 B AR B TE /N R
A
0~ tgh = x/d , (2)
Hor v FHAN AL REF I 0 F8 &, d A%
TR I 2 R A B AR, TR () ATk
5h:
Jx +Ax+kx = TLd . (3)
RO B T R A SR A, — ke HL A 4k

TR
X +28x% + wox = TLd/J (4)
Hr, s =22) WM EMHE RE, 0 =
Vo, -8 AR 1 ARG, 0, =/k/T R
TCRHJRE T 14 B H PR A%

M (3) AT A RE A J Ak FESE IR R
FEIR I P SIS o, [RIEES HsEE « Ah
R v BRRE S ARG X (4) SELAE ) AR 1 Bl
AW

ARG AT A I, B B & B
x 0, (3) M

(5)

2.3 WRESBNFERE
Qs 2 B, i A 2 0 B S A A 2
2 AN 1 = v g 1 W SN WA RSE TN
WL I T A RIS R
F = Ng,V2(h/g) (6)

Horp FOZEHRIT, N RS X R, 2 9 HZS
ARVEEG VIERTIN SR, h A, g N
LSS SO TRI . 2 (6) mIRN, 7 A Y i e
T35 4 524 TR B TG Ok, T b 2 By O 1B E
e,

Insulated base

| Power
T supply

T,

Ground electrode

Insulated base

o

2

Fig.2 Device of weak force generation

3 EBRHAFT

3.1 S[BAFERERE
S PR ET T DA , AR A L0 pg



434

Y B A U G I R GBS SR ST

529

P BE B 1 P X AT AR 2 o M Keithley
AL R AR B B 20T A I 6 T R AL = 8] 1Y
Jie, FFIC 3 R, AR R P L m T B

T ¢ =9. 801 5 N/Kg S8 E — W) 5
NZIRER . TR | R .

®1 BFHNELER

Tabl.1 Measurement results of the weak force generator

ilES el IgE! e
SRV 0 35.03  215.8 296.13 366.42 426.65 476.84 516.96 557.14 597.28
(10 pg) 0 14 525 990 1516 2055 2567 3018 3505 4029
STMHEE/V 627.42 667.54  707.68  737.83  767.91 798.06 818.16 848.26 878.42 898.45
Jim(10 pg) 4445 5032 5556 6147 6659 7192 7560 8125 8714 9116

SR FH B/ e Xk v e -7 R ) it — A0
B AR ARAN

F:q1+q2-V2, (7)

g, = —0.024 39 uN,q, =0.001 107 pN/V?,
¥)Jr2:70.001 61, A MK 3 Uis.

900
800
700
600

% 500

& 400
300
200
100

O » 1

T T T T T T T T T

U?/V?

K3 —Br a4l

Fig.3 Results of first order linear fitting

3.2 HBHRE

HT LabVIEW 455 [ id H Tizbn E R G
RS TET, AT LS A 1) R b B Bl
il AT SRR RAE R E SRR A
(7) ¥ SRR T, A AR IR AE 5 IR B
TH %55 [ 3 e 0 5 1 5 T IR R AR 90 15 1Y)
L 65 BRI 65 B 45 B s T, ) 3058 A bR .

B JEWFIE T A BAAE T e BR
[FIFE 5L T LabVIEW 5 82 7 3 4 2 4 g #E 22
RGN AN R ARG T I TR PR
PiRE SHRIE T OC R, 1 1R OC R B8 e ) 2%
IHET] -
3.2.1 FRRAESH

JCBHJEARAS T X FH 4250t o — 38l , 388 4o % H

ARG A B AT D A5 53, DUAS 41 428 [T A7
Wi w, =6.71 rad/s, [FIFMA LS G, XHHHIE R
GETE IR L AL T A I TR TR 3 HHAE R
ARG A N RE A AR S 1A 2, LI
FEARH 0 =3.61 rad/s, H w mﬁ'ﬁﬁﬂ}:ﬁ
FH6=5.65 rad/s, HUMATFHEI { =6/0, =
0. 84, 1] DLRH J@ RCRARSF , AR REMS PRIEAR E
3.2.2 mEHZBARE

HI A (2) AT SR Im 5% A 0. R
L AR R ) S B 3 S R AR 4 2 50
FR=k - 0 M1A0(2) Al45

k = FRd/x . (8)

WA HESIARE RGERME « FIF IFC 5%, il

ARG RGEXPIE BTG B R



530 o DA

2%

EwWoF
F=q +q, x, (9)

Hr,g, =0.007 6 uN,q, =12.26 N/m ZE /A
(8)%F q, =k/Rd, K R=0.1 m,d =0.2 m, T}
k=0.245 N * m/rad,
3.2.3 EAFE

M3 2%k, tH L =0.2 m,d =0.2 m, U
AT DIARAE AT (5) A S £ 19 051 B8 A% Tkt 7 5K
KAt BT T,

SISy PR UEE T bR E BOMERR L, XF F A«
BT T I RS AR R

F=gq +q -x+q, - (x)°, (10)
BERFfE T 2] -
T=1[q +q¢ ~x+qy-(x)"] -R/L. (11)
(1) F s
AHE 3 45 A g M P i B 0 v A B s ) 2k
3 TR ROREPE SR bR , LA e vl g ROV R AR AN
RSO, FIH] LabVIEW R4 T, 13 3] REEHY
HoRME g 4 frs. hE 4 iR REEAR B
TR A % AE 10 mHz ~ 1 Hz Z JA), 6T

0.1 pN(/Hz,

loor

Magnitude |uN/sqrt(Hz)|
3

102}
103
107 . . . .
107 1073 1072 107! 10° 10!
Frequency/Hz
K4 M e ]
Fig.4 Background noise graph
(2) HET 7 B EALHE T, ST AR R HE T 73 HERAE B
23 )51 J7 P RIAT: 55— MCEER AE T 45 A 9 HEATT 0 ~0. 1 wN [A]pk npilial, #E4T G Br
T3 B 0.1 pN IR AMETT I R B [IAAE R BOF R UEA RGN 5 J1 70 BrEE T . AN

WEDEIAF] 0. 1N, 1 15 5 i AR A 0 A (7] F)
HL S, 75 BN R i R T, PRS0 A A1 ) i 22 Ao

K5 fros , BEAR G IIHE S 73 BREE I IL T 0. TpN, I
HABF A 2

0.12

0.1F oy
0.08F
0.06[
0.04F

Thrust/uN

0.02

0
—0.02

30 40
Time/s

50 60 70 80 90

Fl5 0.1 uNHES G
Fig.5 0.1 uN thrust step

Sl e BB N AR, B2 A AL

ANECH PR  HE ) T W1 R . TEASCH)



553 1 ¥ HL SRR I R G SR A Y 531

JE T, 230 B il BE R 28 G 2 SR )| W o N il i) e S = T s pivA
(3) #7001 AR 0 5 42 28 07 B AL HE 7 N O N 38 i 1) 400

[RIREFERT LA E R s, A5 20 T, R N IS PR AR O N R Jo) 3 I TR i 75 2]
WAHE A e AL EALHE Sy, IR AT b RGeS R AnTET 6 PR .
REAS I (4 T

Thrust/uN

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time/s

B6 S

Fig.6  Thrust measurement range

K6 ProntE N0 uN IS 400 wN, Wi FE$E B, 75— il il s & R BRI S
PR O N, B iR FRFB LA XRRIESS, &R SRR, I T oR 03 o & A A S e ) o
SMEARE o (HRAET I A B, HET BRI BEATAREE, THBR T AW L R B2, [7]
PO WNLE, MREFAE 0.3 uWN ALE, WIAT  ROGER] TRHERCR

T TR R RS I (50 5 S 2 LA WA DR R S i B R o o
(4) i B 5 4 T RS P 2 A VIS RS
T T 2 B X AU MR AR K, AR AT LT LabVIEW f 3L B 037 75 3% 4E

ACHHAR AR I ACH A BN, DR T A Ze ARG, R T 46 /NI AR AL, AR A S AR
IR HL L) FL O PR O, — B2 [ IR s Bl SR N 7 B

18.5 T T T T T T
% 18}
2 17.5¢
s 17t
2 16.5¢
§ 16}
& 155 : L L L L : L
g0 5 10 15 20 25 30 35 40 45
6 aal
F =T
£ T
S 4 T
= 2» 47},,/
0 — 7 i

(=]
W

10 15 20 25 30 35 40 45
Time/h

K7 ARG P R R SR AT Z 1A 5 &

Fig. 7 Relationship between temperature changes and structural deformation

TE 46 /N LA R AL I s BB I B OGR . i TR BE AU, R BB LB PR v 4, o
TR ZARREAR, W5 SO R, E R BLUEME B R Bl B 2k, e Sl (1 Bk v 4



532 o DA

2%

BRI -4 5 A R TS 1 °C R
HMRASERS H 3.5 .

4 RESH

4.1 HMWREHFRZMW

FHABAR R S B H R AE WU 50+ 2 ALY
TEOL T BEA T, MU 153 5 78 3l 23 X il i 7= AR
S, SR HREN R AR, F Iy ke Y o A M R 22
T AL SRS YR A IR S TR o A T e A R T
R KRS ), 72 3l o B R T v ek
55, fHAEREGEXT 0. 1 pN ByHES . (HE T
T AR i A G 2 52 ) 3 HH 428000 o, e Ak
A KK TR AT A, DL K s a) i DA
FL25 RGUMNAP AT A7 | DATTT 3% AP o) HH 428 0
(Y5

A HEAT I E R 7 A KSF PR R, TR
LR iR 2235 0.5 uN,0. 1 uN 3 115 5 58
SRR, AT IC R KR S S sh A
IR S AR AR L RSB T, W T R 1) 48 X iR
2L H 0. 015 pN,
4.2 SMRIBERN

bR P 2 DO R ORI ) YA e 2 B 30
SRR TS 0 D A R DRI AE B bR o S
AR FH AR SR I Z RO R . IR
JEE T L R A 5 e B B 2 2 P AR, H
FRVREE IS o TR HEHE T 45 22 ), AT 3
1 FEE T RFEAREE 5 . BT A RGERERH
JE R S, FE I A R oRT DA RS A |, e A ]
PRI FE 1) 52 M 1T A 220 8%
4.3 REMEIRE

FHAEFN MRl R WA [ 8 5, P DL IR 22 [
FE , VAR VR 22 1), LA AH [R] 7 36 [, AT
THERGAREESE T, ML 6 FIEL 7 AT, B AEA
IHE S DT AR B2 Bl IR R AR e A
A%, MR 6 Hhfl I 57 [ AR ) & RS
Tk 2 S e 38 i o

VE Ay vk B2 I 1B 2 T 2 A WA AR
eI RGN A FE |2 e A ke A 2
RE T L I RS B A4 . AR B T A

K SE AN BRI, I TR RE 5, RSB bR 2 S
BN AR PR IR A PRIER R B
553 [ Al S 2ok Y L 428 7 s ) RS BB O P B
A BE BR DRAIEAH A AT B o A A A 303 Sk 05
) = ) (57 % 6 V819 i LA, 47 TR B 0 22 /)8 T 0. 02
mm,iZ2Z/NTF0.13% .

TR R, B AT ) &, HR =T
0.01 mmPAy, iR iR 2Z/NT 0. 1% . 14
TR RTEA BT Bl f 25 7 A vhos il e 7%, I 5
400 WN HE Sy I HH IR A 5% 75 40 pum LR, BGI, f
FEAUA 5 x 10 ™" rad , F T S A 145 ) 85 0 22 /18
F0.003 mm, %224 0. 02% , HEEN L IEARL
PERE bR i A v, 0 8 R AN P, 2k i
R AN B el PR R 2 R
(] PN RS P e ] DL 220 o LR B A TR 40
FRIK0.375 nm, Jm G T ARSI & 25K, £ BT
R HES M ER2ZE/NT0.3%

5 & &

R SCER X5 7 I R A T T A
IR S BT SR, BT T — g e
IR T % B SR, SR L SRR
TP AR B E , TR R TR E  7ESh S
FRFGE T I R G TS SRS ) 0 R HE
U0 L R, R R 2k R
W BEAE LA T o0 T o R AR DL R 458

(1) R LA A B o 55 7, 72 A B e el
5 AR O v LG R AF, TR/ 3k
BAUA IR 07 220K 0. 001 61

(2) 3% Y 5 BB 85 11 2 M , 52 56 v )
HAEE Z %0 0. 245 N - m/rad , il 3 A2 B4 1%
JEFRIEAT LRSI A, AL AS 4y HESR N 0. 375 nm,
JIT LA 45t 2R 6 RE A 3k B0 A 9 oy e RE ) o

(3) S50 W 45 1 3R S 4tk 0 ) i R SR AR T
0.1 uN 7 =L 0 ~400 uN | J 5 22
9 0.3% I A E , T 5 A DA AL
F 0.1 WN¢/Hz(10 mHz ~ 1 Hz) , 58420 A2 % i) 5]
pAR:E7 31 N A B NI T € DA R OF ARl LR

Ko



553 1 ¥ HL SRR I R G SR A Y 533

AT B S LIS RS R R PR RO AU ZE I R S R R R At

AR T ICH B EORE S AR RERS PO XA BRI L, FEAREREEIELE | PR h A LA P X

i s—

EREMGIN R HE ) S S AR O DI R, IR AR E R Y R W, 2 T AR A3 18] 5 )

TPl S B A R S B S A R TR 0. 1 mHz ~ 1 Ha iR SR K
o BEAh, M R G B AR T 2 B S PR 110

B 3 -
(1] B G Pt 0. KA L shauka[ M]. st &, 3K F0m , 1. JLat Bl it ,2003.

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

SUTTON G P,BIBLARZ O. Rocket Engine Foundation[ M]. HONG X,ZHANG B J,trans. Beijing:Science Press,2003.
(in Chinese)
. R E B TR RS RS TREMARRID]. P4 pude Tl k%,2002.
HAN X W. Vacuum experiment research of microwave plasma thruster and application probe of geosynchronous satellite
[D]. Xi’an;Northwestern Polytechnical University,2002. (in Chinese)
A, FR L, T, A R G A 2 R PR IR O i S SR (T ] R M £42,2019,27(1) :58-68.
FANG Y K,YUAN B W,MENG Z Y ,et al.. Attitude control in multi-satellite cooperative observations for distributed re-
mote sensing[ J]. Opt. Precision Eng. ,2019,27(1) :58-68. (in Chinese)
B K. PR TR TARHUR S AMERE UL FE [ D). Jbat h E BB R ,2017.
HE J W. Researches on working mechanism and performance optimization of radio-frequency ion microthruster[ D]. Bei-
jing: University of the Chinese Academy of Sciences,2017. (in Chinese)
BRAEAE, AR, B F . GO R T i S HOG SR R RL A [T ]. AUE 4R ,2013,34(10) :2287-2299.
HONG Y J,ZHOU W J,WANG G Y. Methods of microthrust measurement and analysis of its key issues[ J]. Acta Aero-
nautica et Astronautica Sinica ,2013,34(10) :2287-2299. (in Chinese)
ARy FETFAHAE 55 5 D0 0 28 o3 M AL [ D . YL FH  ARAE K7 ,2013 0 14.
ZHAO F M. Based on the weak-force torsion balance measurements preliminary analysis and verification[ D]. Shenyang:
Northeastern University,2013;14. (in Chinese)
Wi, N W, e R, O AR T ] Ak 3K ,2007,28(6) :703-706.
TANG H B,LIU CH,XIANG M, et al.. Full elastic microthrust measurement equipment[ J]. Journal of Propulsion Tech-
nology ,2007 ,28 (6) :703-706. (in Chinese)
EDAMITSU T, TAHARA H. Performance measurement and flowfield calculation of an electrothermal pulsed plasma
thruster with a propellant feeding mechanism[ C]. Proceedings of the 29th International Electric Propulsion Conference,
2005.
MR, X R, 25 AR, S SO ST R G 22 A EHE IR [T ] He s 3R ,2016,37(2) :362-371.
YANG J,LIU X CH,WANG Y Q,et al.. Thrust measurement of an independent microwave thruster propulsion device with
three-wire torsion pendulum thrust measurement system[ J ]. Journal of Propulsion Technology,2016,37(2) :362-371. (in
Chinese)
NAGAO N,YOKOTA S,KOMURASAKI K, et al.. Development of a two-axis dual pendulum thrust stand for thrust vector
measurement of hall thrusters[ C]. Proceedings of the 30th International Electric Propulsion Conference,2007.
PACKAN D,BONNET J,ROCCA S. Thrust measurements with the ONERA micronewton balance[ C]. Proceedings of the
30th International Electric Propulsion Conference,2007.
NEUNZIG O,DROBNY C,TAJMAR M. Development of a compact milli-newton thrust balance and characterization of a
miniature hall-effect thruster[ C ]. Proceedings of the 35th International Electric Propulsion Conference, Georgia, USA,
2017.
LT, AR, B AL, F LRI RG] ], 33K ,2018,39(4) :948-954.

MA L F,HE J] W,XUE S W,et al.. A microthrust measurement system with two-wire torsion balance[ J]. Journal of



s34 o i -

Propulsion Technology,2018,39(4) :948-954. (in Chinese)

[14] kAR, F4em, R, F. 0 TR LE0TFANA 2RI L] b5 452 142,2018,26(8) :1945-1953.
YAO D,LI' Y P,ZHAO Y,et al.. Tolerance assurance of interferometer for optical HCB process[ J]. Opt. Precision
Eng. ,2018,26(8) :1945-1953. (in Chinese)

[1S] xjes, 4« R, 23 9, . SETHIE G 2R 3l SHE ) mise[ 1], H 3K ,2017,38(4) :925-931.
LIU X H,YANG F H,WEIL Y M, et al.. Study of dynamic thrust measurement using torsional pendulum[J]. Journal of
Propulsion Technology,2017,38(4) :925-931. (in Chinese)

[16] KOLBECK J,PORTER T E,KEIDAR M. High precision thrust balance development at the george washington[ C]. Pro-
ceedings of the 35th International Electric Propulsion Conference, Georgia, USA ,2017.

(17] B, okieds, F &, F. WA R A AR E S A B E B[ T]. 65 # % T42,2015,23(9) .
2546-2552.
GE CH,ZHANG D F,LI P ZH et al. . Linearity calibration and uncertainty evaluation for capacitance displacement sen-
sor[J]. Opt. Precision Eng. ,2015,23(9) :2546-2552. (in Chinese)

EEE N :

B #(1994—), 5 b A K EN, E
S5 S R v SUHE D T BT

%Yo E-mail:yangchaol @ imech. ac. en

B R(1966—) , 4, it WF5E 6,
AR AT 2 R AT 1 S 5
I8, IELEAH BB 2 75 K 3 T #4175k
PR IAE W AR R, R L 2 () L0 AR
3l 9% . E-mail ; duanli@ imech. ac. cn




